Conclusions:
The eight-stranded p8/cx8 barrel is a robust, widely used protein structural motif. This study demonstrates that the TIM barrel can withstand several nicks in the polypeptide backbone with a limited effect on its structure and stability.
Introduction
Protein three-dimensional structures are stabilized by a sophisticated network of tertiary interactions between amino acids that are distant in the primary sequence [l-3] . The role of tertiary interactions is best illustrated in the case of 'nicked proteins', in which, despite cleavage of an amide bond, the two fragments remain complexed, yielding a structure virtually indistinguishable from the parent protein [4, 5] . Since the seminal work of Richards and Vithayathil [6] on the ribonuclease-S system, several fragment complementation systems have been reported in the literature (Table 1) [7-201. In most cases the number of interacting fragments in the nicked protein is two; multiply nicked proteins are rare [S] .
The /B/a8 barrel is one of the most well-characterized protein folds, with triosephosphate isomerase (TIM) being the first member of the family for which a three-dimensional structure was determined [18] . This fold has therefore been referred to as the TIM barrel fold. Vogel and Chmielewski [14] made the remarkable discovery that rabbit muscle TIM upon proteolysis with subtilisin yielded eight fragments that could be religated in the presence of an organic cosolvent such as acetonitrile to yield a native-like enzyme. The most striking feature about this observation is that, in rabbit TIM, despite several nicks in the polypeptide chain the fragments remain noncovalently held, resembling the native structure, and resulting in high fidelity of resynthesis. In this report we extend the work of Vogel and Chmielewski
[14] to a homologous protein Plasmedium falcipanun TIM (PfTIM) [19] , with a view to characterizing the sites of cleavage, and to provide a comparison of the structure and stability of the intact and multiply nicked TIM. Sequence alignment of PfTIM and rabbit muscle TIM indicates that the two proteins are about 42% homologous. Figure 1 shows the sequence alignment of some representative triosephosphate isomerases with the cleavage sites from the study of Vogel and Chmielewski [14] and this study marked on the aligned sequences. It is noteworthy that the cleavage sites on the two homologous proteins are different.
PlTIM
is a homodimeric 27 kDa (monomer weight) protein for which a classical TIM barrel fold has been determined in a crystal structure at 2.2 w resolution ['ZO]. Extensive unfolding studies indicate that the protein has a robust architecture and is substantially resistant to unfolding by urea (C, = 6.5 M, where C, is defined as the & Biology 1999, Vol 6 No 9 denaturant concentration at the mid-point of the unfolding transition) and other forms of denaturation such as heat (T, = 68°C) [Zl,ZZ] .
Results

Proteolysis of PfTIM and religation
PfTIM (100 pM) was incubated with subtilisin Carlsberg in a ratio of 1OO:l (w/w) at 37°C for 15 minutes in a reaction volume of 100 p.1. The reaction was quenched with the addition of loading buffer that contained sodium dodecylsulfate (SDS) and P-mercaptoethanol and analyzed on 15% SDS-polyacrylamide gel electrophoresis (PAGE) as shown in lane 2 of Figure 2a . A poorly resolved set of fragments is obtained in the molecular weight range of lo-12 kDa. Lane 1 shows intact PfTIM (-27 kDa). Lane 2 does not show this band, indicating that the starting material was digested completely. The partially digested sample was used for the religation experiments TPIS-RABIT  TPIS-HUMAN  TPIS-TRYBB  TPIS-PLAFA  TPIS- TPIS-RABIT  TPISBUMAN  TPIS-TRYBB  TPIS-PLAFA  TPIS-ECOLI   IAVAAQNCYKVTNGAFTGEISPGMIKDCGATWVVLCHSERRHVFGESDELIGQKVAHALS  IAVAAQNCYKVTNGAFTGEISPGMIKDCGATWVVfiCH  SERRHVFGESDELIGQKVAHALA  KFVIAAQNAIAKSGAFTGEVSLPILKDFGVNWIVZkZHSERRAYYGETNEIVADKVAAAVA  FSTGIQNVSKFGNGSYTGEVSAEIADLNIEWIIOHFERRKYFHETDEDVREKLQASLK  IMLGAQNVDLNLSGAFTGETSAAMLKDIGAQYIIIIGHSERRTYHKESDELI~KFAVLKE   TPIS-RABIT  TPIS-HUMAN  TPIS-TRYBB  TPIS-PLAFA  TPIS-ECOLI   EGLGVIACIGEKLDEREAGITEKWFEQTKVIADNVK--DWIGTGKTA  EGLGVIACIGEKLDEREAGIT~WFEQTKVIAD~--DWS~YEP~AIGTGKTA  SGFMVIACIGETLQERESGRTAVWLTQIAAIAKKLKKADW  NNLKAWCFGESLEQREQNKTlEVITKQVKAFVDLID--NFDNVILAYEPLWAIGTGKTA  QGLTPVLCIGETEAENEAGKTEEVCRRQIDAVLKTQGARAIGTGKSA   TPIS-RABIT  TPQQAQEVHEKLRGWLKSNVSDAVAQSTRIIYGGSVTGATGASL  TPIS-HUMAN  TPQQAQEVHEKLRGWLK~NVSDAVAQSTRIIYGGSVTGATCKELA~QPDV~FLVGGASL  TPIS-TRYBB  TPQQAQEAHALIRS~SSKIGADVAGELRILYGGS~G~~TLYQQRDVNGFLVGGASL  TPIS-PLAFA  TPEQAQL~KEIRKIVKDTCGEKQANQIRILYGGSVNTENSL  TPIS-ECOLI  TPAQAQA~KFIRDHIAK~DAN-IAEQVIIQYGGSVNASNGASL   TPISJABIT  TPIS-HUMAN  TPIS-TRYBB  TPIS-PLAFA  TPIS-ECOLI by direct addition of organic solvent. Different concentrations of acetonitrile (v/v) were added to the proteolyzed mixture. It was observed that, at 60% (v/v) acetonitrile concentration, the fragments spontaneously religated to yield a band at 27 kDa (lane 3) that comigrates with PlTIM. Incubation of TIM with subtilisin for longer than 30 minutes leads to a complex mixture of short fragments, with diminishing religation efficiency as the extent of proteolytic cleavage increases. Qualitative inspection of the band intensities on the gel suggests that religation efficiency is > 90% for samples of TIM, which were incubated with subtilisin for 10-15 minutes. Following this, a large number of organic solvents were investigated that included dioxan, 2,2,2-trifloroethanol (TFE) and acetonitrile. In every case there was substantial amount of religation observed as shown in lanes 3, 4 and 5 of Figure 2a . Concentrations of organic solvents at which maximum religation was observed were: dioxan, 70% v/v; TFE, 50%; and acetonitrile, 60%. Religation carried out as a function of time revealed that complete resynthesis could be achieved within 1 minute, indicating that under these conditions the cleavage reaction was significantly slower, requiring about 15 minutes for complete digestion of TIM as judged from SDS-PAGE. This has also been observed in the case of rabbit muscle TIM, which requires 24 hours for complete digestion to occur as compared with the religation, which occurs in a much shorter time period. Further analysis was carried out on nondenaturing PAGE (without SDS). Figure Zb shows co-migrating bands of native TIM (dimer -56 kDa), proteolyzed fragments and religated TIM, indicating that the TIM fragments do not fall apart after digestion with subtilisin and are held together by noncovalent interactions. This also indicates that the organic cosolvent merely facilitates peptide bond synthesis and does not play a role in promoting interaction between TIM fragments.
Characterization
of TIM fragments by mass spectrometry Electrospray ionization mass spectrometry (ES-MS) was used to analyze the fragments that were generated from the limited subtilisin digestion. For this, high-performance liquid chromatography (HPLC)-ES-MS was carried out using a reverse phase Cl8 column using an acetonitrile: water system. When the digest was injected into a reverse-phase column a single peak was obtained on the mass detector that had a molecular mass of 27,831 Da corresponding to the mass of intact PffIM (Figure 3a) . Surprisingly, it was found that the fragments do not separate from each other on the HPLC column and, in fact, are religated under HPLC conditions. The digested protein, when injected directly into the electrospray source, yielded a spectrum characteristic of a peptide mixture clearly demonstrating that the TIM was indeed digested into fragments (data not shown). This observation is identical to the one made by Vogel and Chmielewski [14] on rabbit muscle TIM. Figure 3a shows the mass spectral total ion chromatogram (TIC) obtained during the course of HPLC and the inset shows the charge state distribution corresponding to native PffIM (27,831 Da). As a control, the subtilisin in the digest was inactivated by adding a large excess of phenylmethylsulfonyl fluoride (PMSF) and injected on the reverse-phase HPLC column. A single peak was obtained indicating that the fragments did not separate under HPLC conditions, suggesting that the fragments formed a tight noncovalent complex. SDS-PAGE analysis of the subtilisin-inactivated proteolyzed mixture revealed that fragments did not religate, even after extensive incubation in organic solvent. This suggests that the fragments form a relatively strong complex and that denaturing conditions might be necessary to separate the fragments prior to HPLC-ES-MS. The fragments were unfolded in 6 M guanidinium chloride (GdmCl) and then injected onto the column. This procedure indeed leads to separation of the fragments on the column as judged from the multiple peaks obtained on the mass spectral detector ( Figure 3b ). From the TIC, mass spectra under individual peaks could be derived and the determined masses are shown in Table 2 , in which both 10 minute and 30 minute digests are compared. As PffIM has a nonrepetitive sequence, each mass corresponds to a unique portion of the TIM sequence. Furthermore, in case of ambiguities the charge state distributions obtained for the fragment were used to distinguish the composition of the fragment from the various possibilities. For example, a fragment with a mass of 9438.2 Da was obtained, which yielded two possibilities for its composition: namely, Ile92-Gly172 (9437.8) or Val162-Met247 (9438.7). Analysis of the charge state distribution revealed that the fragment had distribution from +5 to +12 positive ions. From the sequence information it may be noted that the former fragment (Ile9SGly172) can have a maximum of ten positive charge states (nine basic residues and the amino terminus), whereas the latter fragment (Val16ZMet247) can have up to 12 positive charges (11 basic residues and the amino terminus). It is observed that the charge state distribution for the 9438 Da fragment ranges from +5 to +12 to confirm that the mass indeed corresponds to the Va1162-Met247 fragment.
To determine the relative susceptibility of peptide bonds to subtilisin cleavage, a time course of digestion was carried out and was followed by ES-MS. Figure 4a shows the charge states obtained from native TIM, which yields a molecular weight of 27,831 Da. In the first 30 seconds of the reaction, PfTIM was cleaved at a single peptide linkage between residues Ile161-Va1162 leading to the formation of a large fragment of 18,410 Da and a smaller fragment of 9438 Da (Figure 4b) . After a period of 10 minutes the mass spectrum reveals a mixture of polypeptides, the major ones being 13907 Da (l-124), 9438 Da (162~247), 4283 Da (12.5-161) and a minor component 4380 Da (16'2-202; Figure 4~ ). The mixture of polypeptides resulting from multiple nicks in the protein obtained after 30 minutes does not religate efficiently. We therefore used the digestion time of 10 minutes to obtain a nicked PffIM sample for further structural characterization. At this stage, the nicked protein largely consists of three distinct polypeptides. Chemistry & Biolog adding PMSF. For the purpose of generating religated TIM, the subtilisin digested form was added to 60% acetonitrile solution and incubated for 2 minutes at 37°C. The samples were checked on SDS-PAGE prior to use in spectroscopic experiments. UV spectra were recorded for the subtilisin-nicked form over a range of 220-300 nm and compared with that of native TIM (data not shown). The spectra were identical, showing a maximum at 280 nm. CD spectra for the native, nicked and religated TIM were nearly identical in both the near-UV (Figure 5b ) and far-UV regions (Figure 5a ) for all three samples, indicating that the proteins have retained almost all the secondary and tertiary structure. Near identical fluorescence spectra (data not shown) were obtained for all the three forms, further confirming that there was very little change in the environment of the tryptophan residues (TrplYTrpl68).
It has been well established that in TIM association of subunits to form dimers is very important for its structural integrity ['23,24] . Gel filtration studies were carried out which revealed that all the three proteins had the same elution volume and therefore had the same quaternary structure (data not shown). Enzymatic activity measurements were carried out on all the three forms using a coupled enzyme assay system using a-glycerophosphate dehydrogenase and NADH [ZO] . Similar rates of consumption of NADH, as judged from a decrease in absorbance at 340 nm, indicated that all the three forms had near equal catalytic activity (wild type = 8974 units/mg, nicked form = 8798 units/mg and religated form = 8912 units/mg). This clearly demonstrates that fact that subtilisin ligation did not lead to rearrangement of the TIM fragments leading to nonnative sequences.
The presence of native-like structure in the subtilisinnicked form of PffIM suggests that the TIM fragments are held together after digestion by noncovalent interactions. The sites of cleavage can be mapped on the threedimensional structure of the protein (Figure 6 ), revealing that most of the early cleavage sites are in the loop regions of the protein, the initial sites being Vall24-Va1125 (loop 4) and Ile161-Leu162 (loop 5). The structurally equivalent cleavage sites obtained in the study of Vogel and Chmielewski [14] on rabbit muscle are also shown in Figure 6 for comparison (Ala31-Lys32, Leu93-Gly94 and & Biology 1999, Vol 6 No 9 Thr139-Glu140). The cleavage sites Vall24-Va1125 (PfTIM) and Leu93-Gly94 (rabbit muscle TIM) are close to each other in the three-dimensional structure, although the sites are distant on the linear sequence. It is noteworthy that the loop 6 (residues 167-174) of PfTIM, which has the highest mobility, is not nicked by subtilisin; the reasons for this are not clearly understood. It is well known that proteases prefer exposed loops for cleavage rather than secondary structure elements [ZS] . Figure 7 shows a stick plot of the number and distribution of contacts between the various fragments A (Ala&Vall24), B (Va1124-Ile161) and C (Ile162-Met248). The three fragments make extensive contacts with each other, forming a tight interlocked network of interactions, which might be the reason for the remarkable stability of the nicked form in spite of multiple cleavage. The loop regions of the protein are solvent exposed and make very few contacts with the protein interior. It is also noteworthy that the cleavage sites are in close proximity (Figure 6 ) in the three-dimensional structure.
Stability of nicked TIM
As subtilisin-nicked TIM seemed to have most of its structure intact, it was of interest to investigate the stability of this noncovalent complex to denaturing agents. Unfolding of the subtilisin-nicked form was carried out using CD and fluorescence measurements. Thermal unfolding was carried out by Rayleigh scatter measurements as a function of temperature. It was observed that both the forms exhibit nearly equal thermal melting Figure 6 A ri bbon representation of the PfTlM crystal structure.
(a) temperatures of 70°C (Figure 8a ). Stability of both forms were compared in urea and GdmCl solutions using fluorescence and CD spectroscopy. Changes in the intrinsic tryptophan fluorescence of PfTIM and the nicked form were monitored as a function of urea concentration. Very small wavelength changes are observed for both forms in the region of O-6 M urea, with the emission maximum shifting from 331 nm to 333 nm. Above 6 M urea, there is a sharp shift in the spectral maximum for PffIM, with a limiting value of 340 nm being obtained at 8 M urea. In the case of the nicked form, the shift is more pronounced with the emission maximum at 8 M being 344 nm. Figure 6b shows that PfIIM up to 6 M urea retains 80% of the original emission intensity. There is a sharp fall in the emission yields, however, between 6 and 8 M urea. In contrast the nicked form appears to be less stable with a C, of 5 M ( Figure Sb ). Significant structural changes are evident even at urea concentrations as low as 3 M. Even Figure 7 the nicked form does not exhibit typical 'two-state' behavior, however, but a broad transition similar to native TIM ( Figure Sb) .
Both the native protein and the nicked form have a prominent negative CD band at 220 nm. With increasing urea concentration there is a reduction in the ellipticity of the CD bands, without any significant change in the shape of the spectrum. Interestingly, even at 8 M urea there is significant far-UV CD ellipticity at 220 nm, suggesting that appreciable secondary structure is still retained. Figure 8c shows the ellipticity at 220 nm plotted as a function of urea concentration. It is clearly seen that there is no sharp unfolding transition detected by far-UV CD, indicative of a complex multistep process. Again, it is observed that the nicked form exhibits a sharper unfolding transition than the native form, with a marginal decrease in C, ( Figure 8~ PfTIM is much less stable in GdmCl than in urea and is completely unfolded in 2 M GdmCl solutions [Zl] . Equilibrium unfolding studies of PfTIM and the nicked form were performed in GdmCl solutions to compare its conformational stability in a relatively strong denaturant. Figure 8d shows the unfolding profile obtained using intrinsic tryptophan fluorescence. PffIM is completely unfolded by 2 M GdmCl. It is observed that the native protein and the nicked protein exhibit indistinguishable unfolding curves. Similar results were obtained from far-UV CD studies.
Refolding and association of nicked TIM from denaturant solutions
The remarkable stability of nicked TIM suggests the importance of noncovalent interactions in maintaining the folded structure. It is possible, however, that once the protein is unfolded the fragments do not reassociate to form a native-like TIM structure. The stability of the nicked protein could, in principle, be a result of 'kinetic trapping' in a metastable state, rather than a result of thermodynamic control. To investigate this, refolding studies were carried out using nicked TIM.
In 6 M GdmCl solutions the protein is completely unfolded and the fragments fall apart. Native PffIM and nicked TIM were incubated in 6 M GdmCl solutions at pH 8.0 for 1 hour. Far and near-UV CD spectra demonstrate that protein is completely unfolded in 6 M GdmCl solution. The protein was refolded by addition of the refolding buffer (10 mM triethanolamine pH 7.5 + 1 mM DTT) to the unfolded protein. Far-UV and near-UV CD (Figure 9a ) spectra were recorded for the final equilibrated form after 1 hour. The far-UV spectra of the refolded wild-type TIM was compared with a similar concentration of wild-type TIM recorded under identical conditions. CD spectra of refolded native TIM had 97% of the native TIM intensity, suggesting almost complete reversibility. Far-UV CD spectra recorded for the refolded nicked TIM under similar conditions showed as much as 92% of native-like intensity for the nicked TIM, suggesting that most of the fragments reassociated to form a native-like TIM structure (Figure 9a ). Near-UV CD (Figure 9b ) spectra for the refolded wild-type TIM was similar to native TIM, whereas the refolded nicked TIM regained only 70% of native-like near-UV CD. The near-UV CD spectrum of native TIM results from seven tyrosine and two tryptophan residues of the protein. One of the tryptophan residues (Trp168) is close to the cleavage site (161-162). It is possible that local disordering in this region results in the observed loss of intensity for near-UV CD of refolded nicked TIM. Fluorescence spectra recorded for the various forms of the protein yield similar results (data not shown). The refolded nicked protein regains most of the secondary structure upon refolding, although tertiary structure is not completely regained. Furthermore, enzymatic activity was recorded for both refolded TIM and refolded nicked TIM, which revealed that the refolded TIM had only 60% of the native TIM activity ( Figure SC) . This is probably because the TIM activity is sensitive to minor structural perturbation. It has been observed that, during refolding of trypanosomal TIM, complete enzymatic activity is never recovered, despite recovery of other spectroscopic properties such as fluorescence and CD [26] . The nicked TIM has lower activity upon refolding than refolded TIM.
It was of interest to see if the refolded nicked TIM can still be ligated by addition of organic solvent and subtilisin. The refolded nicked TIM was incubated in 60% acetonitrile in presence of subtilisin and the resulting product was analyzed on SDS-PAGE. Refolding, followed by addition of acetonitrile and subtilisin, was carried out from increasing concentrations of GdmCl (l-6 M). The products after religation were analyzed on SDS-PAGE ( Figure 10 ). It is observed that up to 3 M GdmCl, efficient ligation could be achieved with relatively little intensity of peptide fragments as seen from SDS-PAGE analysis. The religation efficiency is somewhat lowered between 4-6 M GdmCl, although a significant amount of the 'native-like' form can still be obtained after refolding and ligation. This suggests that the nicked form of TIM behaves like a fragment complementation system, in which the fragments reassociate to a native TIM-like structure. The process of fragment association and ligation is summarized in Figure 11 . It should be emphasized that the nicked TIM used in these experiment is heterogeneous with respect to the number of peptide bonds cleaved. HPLC and mass spectral analysis suggests that the major components are Ala&Va1124, Va112.5Ile161, Leu162-Met248 It is possible that most of the religation may occur as a result of the association of the major fragments, which are cleaved initially at the Ile161-Leu162 bond. Further studies are necessary with isolated fragments in order to determine whether multiple components can be used to generate a SDS-PAGE analysis of refolded and religated TIM obtained by diluting from initial GdmCl concentrations of l-6 M (lanes l-6, respectively). The final concentration of denaturant after dilution is less than 0.02 M. Refolding was carried out by addition of TEA buffer, pH 7.5. Religation was carried out by addition of 0.02 PM solution of subtilisin in 60% acetonitrile (v/v) . Refolding and religation is more effective at GdmCl concentrations less than 5 M.
noncovalent assembly mimicking the native protein that can be smoothly religated by subtilisin. The conformational stability of a protein is largely determined by long-range noncovalent interactions. Proteolytic cleavage at surface loop regions might lead to minimal perturbation of the secondary structural elements and the tertiary interactions. Under such conditions the protein can, in principle, retain most of its structure even after the loss of some covalent peptide linkages. Such fragment complementation systems are rare and relatively few systems have been studied in detail. In most cases the number of interacting fragments are two, with a single nick in the polypeptide chain. The observation by Vogel and Chmielewski [14] that rabbit muscle TIM could be nicked by subtilisin and subsequently religated with great efficiency, formed the stimulus for our study. The p8/&3 barrel family, for which TIM is the prototype, is one of the most widely occurring folds among the crystal structures of proteins. Almost 10% of the protein structures in the Protein Data Bank (http://www.bnl.gov/) have this fold [27] . The TIM barrel is composed of a central core of eight parallel p strands, which forms the p barrel, surrounded by eight peripheral cx helices covering the barrel exterior. Several surface-exposed loops provide potential sites for proteolytic cleavage. Our present study suggests that subtilisin cleavage occurs with great facility between residues Ilel61-Leu162 and Va1124-Va1125 resulting in generation of at least three noncovalently held fragments after very brief exposure to subtilisin. Indeed, further cleavage can also be demonstrated at other sites.
Multiply nicked PffIM displays remarkable stability in the presence of a wide variety of chemical denaturants and shows comparable thermal stability to that of the intact PfTIM. Efficient religation upon addition of an organic solvent further emphasizes the robustness of the TIh4 barrel, which appears to withstand cleavage at multiple sites. Reassociation of the cleaved fragments under refolding conditions demonstrates that the stability of the nicked TIM is indeed a consequence of thermodynamically favorable tertiary interactions and not a consequence of kinetic trapping. The three major fragments obtained contain all the helical secondary structural elements of TIM. The eight-stranded p barrel is formed only upon reassociation of the fragments, suggesting that the order of events may have some relevance to the mechanism by which the TIM barrel is formed during the folding process. Interestingly, the dimer interface is completely contained within the 1-124 fragment, suggesting that the necessary elements for the subunit assembly might, in fact, be formed prior to development of the l3 barrel.
Although the characterization of a fragment complementation system involving multiple fragments maybe valuable in future studies addressing the mechanism of folding and assembly, the observation of efficient ligation of peptide bonds is of great importance to protein semisynthesis approaches. Semisynthesis of many proteins have been achieved through the use of genetically engineered 'subtiligases' [X-28] and through chemoselective ligations [29-311. In either approach, high fidelity can be achieved if the reactant fragments are held together by noncovalent interactions bringing the two reactive end groups in close proximity. This feature is exemplified by the recent work of Vogel et al. [15] on lysozyme and in this study. The use of organic solvent mediated chemical ligation has also been employed successfully in many cases for complete synthesis of proteins [32-3.51 by mixing 50 ul to 1000 1.11 using 5 mM triethanolamine (TEA; pH 7.5) and 1 mM DlT as the refolding buffer.
The protein was incubated for 1 h at 25°C. After 1 h no appreci abl e change was noticed i n the fluorescence spectrum suggesting that the system had reached equilibrium.
